This paper studies the impact of Voltage Source Converter (VSC) losses on the solution of the Optimal Power Flow (OPF) of hybrid AC/DC systems with a multi-terminal configuration. The motivation of this analysis is that the expected development of High Voltage Direct Current (HVDC) systems will entail an increase of the number of converter stations, and consequently, converter losses might not be negligible when compared with conventional transmission losses of AC and DC lines. Towards this end, an extended OPF model is proposed considering a combination of VSC based Multi-Terminal HVDC grids (VSC-MTDC) and AC systems. The OPF model represents converter losses according to the state-of-the art modeling where different expressions are used when the converter functions as an inverter or as a rectifier. Three simpler alternative approaches are also implemented and the obtained OPF solutions are assessed. In order to compare the OPF solutions, a comparison metric is proposed. Obtained results show that modeling the converter losses in a simplified way could lead to very different power flow solutions, especially for the DC branches.
Quadratic terms of the losses function of converter v acting as rectifier/inverter
Introduction
Meeting the rising energy requirements in a sustainable, secure and competitive manner is one of the main challenges of current power systems. In this context, the development of a "Supergrid" has been proposed as a promising solution to harness geographically dispersed low-carbon energy sources (such as offshore wind and solar), and also to facilitate the cross-border trading and the integration of wholesale electricity markets [1] . For instance, in the European system, 150 GW of total installed offshore capacity of wind energy producing 562 TWh of electricity is expected by 2030 [2] , and increasing the capacity of the transnational interconnections is in the agenda of the current EU energy policy [3] .
Despite the existence of many barriers such as the cost of converter stations, less standardized equipment as compared with AC systems, need of new control algorithms, difficulty to build DC breakers, etc., High Voltage Direct Current (HVDC) systems with Multi-Terminal (MTDC) configuration are seen as a viable option that can outperform traditional AC transmission due to its technical, economic and environmental advantages [4] .
Compared to Current Source Converter (CSC), Voltage Source Converter (VSC) offers some great advantages [5] . Due to completely different operating principles, new algorithms have been developed for VSC HVDC control and Power Flow (PF) studies [6] . The problem of finding the PF solution for the case of a hybrid network with VSC-MTDC systems is relatively new [7] , [8] . The
Optimal Power Flow (OPF) problem for hybrid networks is even a less developed research line, and the converter's operation introduces additional decision variables that increase the complexity of the resulting optimization problem, [8] , [9] , [10] .
In case of a large deployment of HVDC networks, the impact of their converter stations on the control, operation and planning of the whole power system needs to be carefully examined. For instance, the ratio between the voltage levels at the AC and DC sides of the converter is limited due to the constraints imposed by the power electronic equipment. In addition, the amount of active and reactive power injected or withdrawn at the AC node has to respect the P-Q capability curves. Among the converter characteristics, this paper focuses on the effect of the losses incurred during the converter operation. As in any energy transformation process, the converter operation is not 100% efficient, and therefore, there will be always a difference between the active power injected at one terminal, and the active power withdrawn at the other. Typical values of such losses ranges from 1% up to 3% of the total power going through the converter [7] . Therefore, for a hypothetical case of a large HVDC Supergrid, the active power losses of the converters could represent a significant portion of all the system losses. To the author's knowledge, there are no previous studies that have assessed the impact of converter losses on the solution of the OPF for hybrid networks. From the optimal operation point of view, it is common to model AC and DC transmission losses so that the OPF solution takes into account them when deciding the optimal generators scheduling. Due to the non-linear nature of the power flow equations, such transmission losses are in many cases approximated by means of simplified formulations (for instance as piece-wise linear functions [11] ). The proper modeling of converter losses is neither a simple task as they are caused by several reasons: ohmic losses at the cables, switching of the semiconductors, etc. In this paper, the theoretical converter losses will be computed as a polynomial function that depends on the phase current of the converter, and taking into account that losses can be different when the converter acts as an inverter or as a rectifier (i.e. active power injected at the AC bus or at the DC bus respectively). Given that such detailed modeling of converter losses could lead to a heavy computational burden, this paper will also analyze the impact of some alternative ways of modeling the converter losses in a more simplified manner. In this sense, conventional DC and AC transmission losses will be modeled by means of the exact power flow equations, so that the obtained results allow isolating the effect of the approach followed to model converter losses.
The main contributions of this paper are the following ones:
1. The first contribution is the proposed methodology to assess the effect of the different approaches to model converter losses on the solution of the OPF. This methodology includes the definition of a metric used for the required comparisons. To authors' knowledge, the topic addressed in this paper has not been studied previously, and the selected study cases with different HVDC topologies highlight the importance of a proper converter losses representation.
2. The OPF model used in this assessment constitutes the second main contribution of this paper. The developed model takes as starting point the model presented in [10] , which has been improved in order to model the converter losses by means of the most accurate representation found in PF studies.
This paper is organized as follows. VSC modeling is described in detail in Section 2. In Section 3, equations used for modeling a hybrid network are presented.
Proposed methodology to assess impact of converter losses is illustrated in Section 4. The results and discussions of the case study are presented in Section 5.
Finally, conclusions are drawn in Section 6.
Voltage Source Converter (VSC)

Types of VSC
The VSC station comprises all the elements that connect the AC and the DC networks. Each VSC will be referred to with the index υ. [7] . Without loss of generality, the stateof-the-art approach is adopted in this paper for converter modeling regardless of converter type, which will be explained further in detail.
The filter bus is connected to the AC network through a transformer and the power can flow in both directions, (see Fig. 1 ). When the active power is taken from the AC side and injected at the DC side, the converter is said to be operated as a rectifier. Otherwise, the converter is operated as an inverter.
The converter can also inject or absorb reactive power from the AC side. The variables (in p.u.) that represent the active and reactive power injected to the AC side of the converter ν are defined as p The same applies to the power injected to the DC side of the converter, i.e. p dc v .
Converter Losses
During the conversion process, the available real power at one side of the converter will be lower than the active power injected at the other side due to the converter losses, ρ v .
There are several source of losses within an MMC, such as semiconductor losses in each of the SMs, arm reactor losses, phase reactor losses or transformer losses. Focusing on the semiconductor losses, two different types can also be distinguished, the switching and the conduction losses [13] . Several publications show different methods addressing the losses calculations of and MMC [13] , [14] , [15] , [16] . Similarly, several components contribute to the losses of PWM-based converters which can be potentially complex as well [7] . However, such detailed procedures cannot be included directly in an optimization model.
For this reason, a polynomial expression is adopted in this paper, as it is conventionally used in the PF state-of-the-art models [6] . In particular, converter losses will be expressed as a quadratic function that depends on the value and the direction of the phase current of the converter. Following the same criteria as above for the active power, the phase current i υ will take positive values when the converter injects it at the AC bus (inverter), or as negative in the opposite case (rectifier). Therefore, the mathematical expression of the losses that will be used as benchmark values for the comparison ("Complete" modeling) is the one shown in (1): 
2 will be activated. In addition, the absolute value used in the linear term could be computed as
Furthermore, all converter losses are allocated according to the same criterion used in the software MatACDC, as that will be the validation tool used in this paper to check the correctness of the obtained power flows with the proposed OPF model.
The state-of-the-art modeling of converter losses for steady-state power flow analysis is the one presented in [6] , and later on included in the CIGRE report [17] . In that work, the authors differentiate between the operation of the converter as a rectifier or as an inverter, and therefore, the coefficients of the polynomials used to model the losses can be different depending on the direction of the active power transferred. In a power flow model, the converter operation mode (inverter or rectifier) must be known in advance. By contrast, in the "Complete" OPF model presented in this paper, the operation mode is a decision variable, and the optimization problem determines the optimal operation of every converter taking into account the very same representation of the losses as the one presented in [6] .
In order to assess the impact of converter losses on the OPF solution, we have proposed other three simplified approaches: "average" modeling which does not differentiate between inverter/rectifier modes; "proportional " modeling which assumes converter losses are proportional to the real power injected from the converter into the AC side; and finally "lossless" modeling that neglects converter losses.
Average modeling ("Avg")
It models the converter losses without differentiating between the inverter/rectifier modes by selecting the quadratic coefficient equal to the average of C 
Proportional modeling ("Prop")
In this case, the converter losses are assumed to be proportional to the absolute value of the real power p c (see Fig. 2 ) injected from the converter to the c node on the AC side with certain ratio α. ρ v is depicted in Fig. 3 and explained with (4). The constraint thereby can be written as follows:
Lossless modeling ("Lss")
This model simply assumes a lossless converter, thus only transmission losses (AC and DC lines) are considered.
Equivalent circuit of VSC
As described in [6] , [10] , the most common approach is to represent the VSC where power losses at the converter can take only positive values, i.e., ρ v ≥ 0.
VSC operation limits
There are mainly three factors limiting the operation of VSC-based HVDC systems [9] , which are described next.
Maximum current through the IGBTs
This limit is meant to safeguard the switching elements of the VSC as the arms of the converter support the whole phase current i v during some parts of the cycle. As the maximum current that the IGBTs can support is limited, one way to ensure that they are not overloaded is by imposing the following limits:
DC and AC voltage level coupling
Apart from the voltage limits imposed at both sides of the converter, it is necessary to take into account that the voltage level on the DC side exerts a limit on the maximum voltage that can be obtained at the AC side of the converter, [18] . This can be simplified as a ratio between the AC and DC side voltages that can be defined as (6) . In this paper, the factor k v is set to be 1.1 as in [10] . Converters are assumed to be operated in nominal conditions. However, if other modulation mode or methods are used to obtain higher voltages for VSC AC buses, this factor could be modified accordingly [10] .
Maximum current through the DC cables
This limit is to constrain the maximum current through the cables. Since the entire formulation presented in Section 3 is in [p.u.] system, and given that DC voltage does not vary very much with respect to the nominal value, the limit imposed on current thereby is equivalent to setting the maximum DC power transfer allowed as in (22).
PQ capability curves
Capability curves based on active and reactive power limits are conventionally used for PF applications. Following the proposed OPF approach, there is no requirement to include the explicit capability curve limitations, as they are implicitly present in the equations included to represent the electrical network.
In addition to the above three constraints to ensure the safe operation of the converters in steady state, previous imposed limits have further derived boundaries on active and reactive power injected to the AC network [6] , [10] .
The reactive power q v injected to the AC side will be considered positive in case of being capacitive:
Moreover, as explained in [19] , presumably a steady state minimum DC voltage can exist and prohibit continuous operation while absorbing reactive power, thus a minimum of -0.5 p.u. imposed to the converters as in [10] , where Q v is the maximum allowed reactive power. This is also illustrated with a P-Q diagram provided for HVDC Light of ABB [19] :
Apart from the limits aforementioned, converters can be subject to certain requirement from the Grid Codes. For example, in [9] , the converters are obliged to have a reactive power capacity of 0.95 power factor lagging to 0.95 leading at the connection point. 
. AC Power Flow Equations
Every bus i of the AC grid is characterized by its voltage magnitude v i and phase angle θ i . By denoting θ ij = θ i − θ j , power injections at node i and power flows (from i to j) on branch l, i.e., (i, j) ∈ N l , are [20] :
Notice that transformers are modeled as regular lines with pre-defined tap ratios.
Conservation of power are established through (13) and (14) taking into account active power injections from VSCs:
AC Bus Voltage Limits
V i ≤ v i ≤ V i , ∀i ∈ B ac(15)
AC Transmission Line Capacity Limits
In the computer implementation of this model, this constraint will be formulated according to the equivalent expression in order to help the non-linear optimization solver:
DC Network Constraints
DC Power Flow Equations
Every bus i of the DC grid is characterized by its voltage magnitude v i .
Every line l connecting a pair of DC buses can be represented by its resistance R l . Assuming that the extreme nodes of such line are i and j, the real power injected at node i and power flows (from i to j) on line l of the DC grid satisfy the following expression:
In this paper, it is assumed a symmetric monopole configuration, i.e., n = 2.
VSC losses ρ v are incorporated for power conservation seen from DC side:
DC Bus Voltage Limits
V i ≤ v i ≤ V i , ∀i ∈ B dc(21)
DC Transmission Line Capacity Limits
−P l ≤ p l ≤ P l , ∀l ∈ L dc(22)
Additional VSC constraints
As explained in previous Section 2.2, converter losses depend on whether it operates as a rectifier or an inverter, that entails the phase current are in completely opposite directions. Consequently, in order to distinguish such difference, (23) is included to force converter phase current to be the same direction with the power injected to the corresponding AC bus:
Generator Capacity
In addition to network constraints and VSC modeling, there are also some generator technical limits need to fulfill:
Objective Function/Optimization Criterion
The considered Objective Function (OF) is to minimize the total operating costs plus the penalty from the non-served active and reactive power as shown in (26) assuming np i ≥ 0, nq i ≥ 0. A g , B g and C g are cost coefficients of generators. N C p and N C q represent the unitary costs of non-served real and reactive power respectively. There are some other alternatives, such as minimization of network losses as in [9] , which could also be easily adapted.
Converter Loss Impact Assessment of VSC-MTDC Systems
In this section, an approach to evaluate the impact of converter losses on the OPF solution of AC/DC hybrid systems is proposed using the extended model described in Section 3. Firstly, it is necessary to define a comparison metric in order to compare the goodness and accuracy of the solution obtained when a simplified representation of the losses is used. Secondly, as the differences between the benchmark case and the simplified-losses cases could depend on the particular characteristic of the system under study, this paper proposes to replicate the analysis for different deployments of the HVDC grid, and for a full range of possible levels of the demand.
Comparison Metrics
The tive function depends only on the active power generated by the units, and as active power flows are in general significantly higher than reactive power flows, the comparison will be carried out just in terms of differences of real power.
System costs
Given that the "Complete" modeling provides the benchmark value of the OF, the deviation of the other three modeling approaches (Avg, P rop and Lss) can be measured in relative terms as follows (27) :
Active power flow differences
After solving the OPF, as many power flows as number of branches will be generated. In order to measure how close the solution of the simplified methods are with respect to the "Complete" modeling, the Mean Absolute Error (MAE) is proposed. Notice that positive and negative deviations are not compensated among them. Therefore, a null MAE will be obtained only in case the power flows are exactly the same. MAE is defined as follows:
where n is the total number of observations (i.e., number of lines), f 
Evaluation method
In order to take into account the dependence of the impact of converter losses on the characteristic of the power system, the the essential steps of the proposed approach can be described as follows:
• Select a set of possible hybrid AC/DC power systems Ξ
• For every system ξ ∈ Ξ build a set of K demand vectors d ξ where each component d ξ i represents the demand at every node i:
Demand vectors d ξ,k can be obtained by multiplying the nominal demand level at every node by a factor that can range from a minimum value to a maximum one with a predetermined step size. In case the demand profiles follow any particular correlation, without loss of generality, these demand scenarios could be generated applying some more sophisticated techniques.
• For every demand vector k simulate the optimal operation of the power system by running the OPF model presented in this paper with the complete modeling of converter losses, and with the three simplified approaches (Avg, P rop and Lss)
• Compute the values of ∆OF Avg,P rop,Lss % and M AE
Avg,P rop,Lss
Notice that this method is completely general and could be used to compare the solution of any OPF model with respect to the accurate solution whenever it is possible to find it. of AC branches can be found in [21] , where the maximum capacity of the lines ranges from 175 MW to 500MW
Case study
System Description
Regarding the input data, 7T system is identical to the one used in [6] where the two isolated DC grids have different voltages: ±300 kV and ±150 kV.
In the case 9T, the unique DC grid has a nominal voltage of ±300 kV. Reference buses remain unchanged. DC 4 and DC 5 are relocated to AC buses 104 and 118 respectively. In addition, two extra DC buses (DC 8 and DC 9 ) are positioned at AC buses 219 and 206. The two corresponding converters are assigned the same parameters as the ones in DC 6 and DC 7 accordingly, while the others keep the same as in the 7T network. DC line data for 9T network is shown in Table 1 .
Both case studies use same set of cost coefficients for all generators, which can be found in [22] . All power injections and voltage levels at VSCs are considered decision variables. The penalty cost for non-served active and reactive power is set to be 1000 $/MW and 1000 $/Mvar respectively [23] .
The ratios α used in (3) are calculated from computing the accurate losses at every converter, and by averaging the ratios obtained for different demand levels of the reference case and for all the converters. For each of the systems, all converters are assigned the same average value.
Numerical Results
The OPF model presented in this paper has been implemented in GAMS [24] on an Intel-i7 2.93GHz personal computer with 4GB of RAM memory. The OPF model considers the complete set of non-linear power flow equations. As in [10] , IPOPT solver [25] has been chosen given its good performance for solving large-scale nonlinear problems. In order to validate the results, the obtained Following the approach proposed in Section 4.2, the demand scenarios have been built by multiplying the nominal demand at every node by a factor ranging from 0.6 to 1.05 with a step size of 0.05 p.u. These limits have been identified as the ones than ensure the feasibility of the optimization problem for the topologies under study, given that unit-commitment decisions are given as input data, and therefore, it is not possible to decrease the output power below certain limits, and neither to exceed a maximum power.
The economic impact (in % of variation of the objective function) is shown in Table 2 according to the expression presented in (27) . It can be seen that the impact is close to |1| % in many cases (the highest mismatches have been highlighted for each case). For instance, in the 7T system, the objective functions difference reaches 0.86% with the P rop-modeling while for the 9T system, such difference reaches −0.75% with Lss−modeling. Extrapolating these percentage to a bigger system where the size of the DC grid is comparable in relative terms as the ones used in the example cases, it could be concluded that the way the converter losses are modeled can have a significant economic implication on the overall operational costs. Notice that the Lss− modeling provides lower operating costs for every demand scenario as it ignores the converter losses Regarding the impact on power flows, AC and DC lines are analyzed separately for each modeling method by comparing their MAE according to (28) .
The results of 7T and 9T systems are plotted together by pairs for each demand factor value. For instance, the dash-dotted rectangular box in Fig. 5 shows the boxplots for the 7T (on the left) and 9T (on the right) systems for the demand level of 0.6. Figures 5 and 6 present the boxplots of the absolute differences of power flows at every AC and DC line respectively for every demand level. For a given box-plot, the straight horizontal line in red represents the obtained MAE for all lines in that demand level scenario. In this paper, the widely acknowledged definition of boxplot, also known as box-whisker diagram, is adopted [27] , [28] . The blue box contains 50% of the data set once the outliers (marked as "+" in red) have been discarded (i.e. lower and upper boundaries are 25th and 75th percentiles). Tables 3 and 4 provide the numerical values.
It is important to highlight that for both 7T and 9T systems, AC branch power flows differences are in general smaller when compared to DC branches.
In addition, AC flows MAE are higher 70% of the studied cases in the 9T system.
However, for the DC flows the behavior is the opposite one: only 10% of the studied cases the DC flows MAE is higher for the 9T system. Therefore, for these study cases it could be concluded that the more meshed the DC grid is, the higher (lower) the impact on AC (DC) flows are due to not modeling the converter losses in an accurate manner.
Another interesting finding is that Lss-modeling outperforms other two methods for AC branches in both systems (the average MAE values 6.70 and 11.96 are lower than the ones of Avg and P rop approaches). However, for DC branches, Lss-modeling only outperforms for the 7T case. For the 9T case the best approach is the proportional method. What is more important is that in all these cases, the power flow differences of DC branches (in MW) are very large considering their maximum capacities. For instance, even for the lowest average mismatch case (the P rop-modeling for the 9T system), the value 17.91 MW is very relevant taken into account that the capacity of the lines is 100 MW (see Table 1 ).
Conclusions
This The main conclusion that can be drawn from this paper is that not modeling the converter losses in an appropriate manner could lead to very different power flow values compared to the accurate formulation, especially for the DC branches.
Apart from the pure operational point of view, this issue should be taken into account when planning the expansion of future MTDC networks.
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